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ABSTRACT
This paper describes the development and design of two 
frequency modulating instruments for the measurement of fluid 
density and pressure.
The reasons for choosing frequency modulation for the signal 
transmission are discussed, and the advantages it offers to 
Process Control. Effects like decay in cable insulation 
resistance, and various requirements of Intrinsic-safety, are 
analysed in detail.
Both instruments use a vibrating body as a sensing element 
and it is shown that in each case, by the appropriate design 
procedure, the response is restricted to the parameter to be 
measured, other effects such as temperature variations being 
ignored. A comparison is made with existing instruments, whose 
limitations are analysed and used to draw up the desired 
specification for the improved instrument. The advantages and 
disadvantages are discussed, and the design and methods used are 
described in detail.
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8 . LIST OF CAPTIONS
The design and development o£ two frequency modulating 
instruments is described. The work on the first instrument, 
the "Vibrating Strut Pressure Transducer", was done in the 
Solartron Electronic Group Limited, by the author on a 
collaborative registration basis. The second instrument, the 
"Vibrating Spool Fluid Density Meter" was developed by the 
author as a full-time student, in the Chemical Physics 
Department of the University of Surrey. Being an engineering 
subject with clear cut aims to produce a working prototype, in 
the end it involved the work of many other people. The machine 
shops in Solartron, the University and others, helped to produce 
all the required parts. Most difficult of all was producing 
spools whose wall-thickness is 0.05 mm which required a very 
high degree of skill on the part of the operators. Many 
experiments were carried out to find the right grinding-wheel, 
correct feed and speed which took many days. To find the correct 
heat-treatment procedure and subsequent annealing was also a very 
lengthy and tedious task, as each heat cycle takes at least seven 
hours, and required continuous attention. The same applies to all 
the tests and work done by the High Vacuum Laboratory in Solartron 
Electronic Group in trying to find the best methods for the electrode 
deposition on Quartz and the bonding of Quartz to stainless steel. 
These items are dealt with in more detail in the text, but are 
brought in here to emphasize that an engineering project is not 
a one man job, but the coordination of a few teams, and the ratio 
of devoted effort to documented discovery is very high indeed.
This thesis will not deal with the information theory aspect 
of the advantages of F.M. over A.M., this topic is well documented 
(References 1, 2, and 3), but will show the practical advantages 
it offers to Process Control and will demonstrate two instruments 
which have been designed to exploit these advantages and give a 
frequency modulated output directly.
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1. INTRODUCTION
2. THE ADVANTAGES OF USING F.M. IN PLANTS
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The advantages of frequency modulating transducers from 
the process control view-point are as follows:
(i) Overcoming loss of information due to series and shunt 
resistances of conductors.
The loss of signal over long distances in the conventional 
current-transmitting systems presents a severe problem and dictates 
the use of high-quality cables. In civil engineering, where many 
points of strain have to be monitored in pressure vessels, sky­
scraper foundations, bridges, etc., hundreds of strain-gauges are 
buried in the concrete and economics dictates that only cheap cables 
can be used. Reliable information may have to be transmitted for a 
period of a few decades at least and f.m. was the only satisfactory 
solution found. The same applies to pressure transducers which are 
buried in the ground to measure the pore-water pressure of the soil 
in order to determine slope stability and the stability of buildings 
on clay. The actual transducers used in these cases are described 
later.
In oceanography, the problems are even more severe, and again, 
f.m. was found to overcome the problem of loss of information due 
to sea-moisture decreasing the cable insulation. When f.m. is used, 
the signal can deteriorate in strength from an initial value of a 
few volts right down to a few millivolts, since as long as the 
signal can be amplified and squared no information is lost.
Figure 1. Hazard caused by earth potentials
*
(ii) Avoidance of mains interference
The carrier frequency of the transducers is selected such that 
it is a few times higher than the mains frequency (from 8 times 
upwards). This means that by using standard commercially available 
low-pass and band-pass filters (to I.R.I.G. specification), unwanted 
common-mode and series-mode pickup can be rejected with great ease.
(iii) Use of one pair of wires to transmit power , and receive 
information from many transducers.
This' is a well known technique in telephony, where power 
lines are used to carry many conversations simultaneously. At 
present, the ’live-zero’ (4-20 mA and 10-50 mA) amplitude modulated 
(a.m.) current-signal transmission enables power and signal to be 
transmitted over one channel only. This is due to its d.c. nature, 
hence isolation is impossible; while with f.m., by using transformers 
and band-pass filters, isolation of one channel from another, and of 
the power from signals, is easily achieved. Equipment developed for 
telephony can be applied to process control.
(iv) Improvement in intrinsic safety
Normally, f.m. transducers require only a few milliwatts to 
drive them, compared in some cases with a few tens of watts for 
conventional instruments. This means that the equipment can be 
made intrinsically safe rather than explosion-proof.
There are however some cases, in particular in large oil 
installations and mines, where long cables can cause an explosion 
if earthed in the safe area and again in the hazardous area, as 
shown in Figure 1.
If a sufficiently high earth-potential exists between point 
A and B, sparking can occur even if the equipment is switched off.
The conventional way to overcome it is by using an isolator which 
is inserted in the line, at the dangerous interface. This gives 
complete isolation between points A and B. An example of such a 
device is the Kent-Evershed ER 330 isolator. This ingenious device 
modulates the incoming signal, passes it through a high-quality
-  9 -
current transformer, and then demodulates the output from the 
secondary windings.
In the case of f.m. a simple isolating transformer achieves 
the same thing without any deterioration of the information, and 
without the use of mains to supply the modulator. Furthermore, 
pneumatic f.m. signals can be transmitted over much longer distances 
than the conventional 3-15 lb/in^  (0.2-1.05 kg/cm^ ) a.m. signals, 
thus improving safety in plants by eliminating electrical transmission 
all together.
Some fluidics f.m. transducers are described later, and an 
electropneumatic convertor is described in Reference 1.
(v) Ease of communication
Frequency modulation eases commutation considerably, as it 
enables the simultaneous detection of eight channels in the frequency 
band between 400 Hz and 3000 Hz (telephone bandwidth). As isolation 
is achieved with transformers, simple solid-state devices can be used 
safely at high speeds, without the need to introduce mechanical switches. 
This overcomes relay chatter, interference from thermoelectric voltages 
and other problems associated with mechanical switches. When f.e.t.s. 
are used, the risk of damage due to high-voltage pick-up is removed 
by the transformers.
(vi) Ease of computation
Frequency modulation can be used in a similar way to a.m. to 
perform various computations by using binary circuits. In fact 
any computation that can be performed on an analogue compute* Ccujl 
be performed digitally in f.m. by using the same ’block diagram’.
The basic analogue computer elements are: integrators, multipliers
(including potentiometers), non-linear elements and delay lines.
With these elements it is possible to generate a wide variety of 
functions such as square roots, etc. The accuracy of the computation 
depends on the drift of amplifiers and components. In the case of 
f.m., the integrator is a simple counter, the multiplier, the
- 10 -
potentiometer, the non-linear elements are the binary rate 
multipliers, and the delay line is the shift register.
With these 'bricks’ the same equations can be set up as on the 
analogue computer, thus utilizing the same well-established 
mathematical approach (except that the digital computer approach 
is a numerical one). The only difference is that the accuracy 
does not depend on the drift of components, but only on the 
number of binaries used to perform each computation. There are 
quite a few commercially available electronic instruments which 
utilize these techniques to multiply and linearize the output of 
f.m. transducers.
(vii) Ease of tape recording
Recording of f.m. information on tape is done with great ease 
and accuracy, if an accurate 'clock' signal is recorded simultaneously. 
Tape speed fluctuations do not matter, as the relative periodic time 
between the clock and the information channel remains constant.
Tape speed can be greatly reduced to save tape. All this is done 
without any manipulation of the original signal as received from the 
f.m. transducer.
Several manufacturers produce instruments using conventional 
force balance techniques with staircase current feedback. This 
adds to the price and does not offer a striking difference to 
influence users to re-invest capital in totally new electronics 
readouts, recorders etc. Thus, although the second scheme does 
not result in inferior instruments, the capital required to 
generate a totally newr electronic system could not be justified.
It is my belief that unless F.M. insturments offer 
considerable advantages over conventional A.M. instruments, F.M. 
will not be adopted in plants on its information - transmission 
merits alone.
The following discussion describes the design and development 
of F.M. instruments which offer considerable advantages over
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conventional instruments and are acceptable to Process Control 
engineers, despite being F.M. and not because of it.
Both instruments were invented by the author and U.K. Patent 
Applications have been filed for both. (22146/66 and 34378/67).
3. FORCE MEASURING TRANSDUCER
3.1. Introduction : the vibrating-wire device
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Force is one of the most frequently measured parameters, 
since it constitutes the basis of load-cells, pressure and 
torque transducers etc.
The most elementary frequency-modulating force transducer 
is the vibrating-wire, which finds extensive use in load-cells 
and pressure transducers in Civil Engineering. The sensing 
element is a simple stretched wire which is excited by a solenoid. 
The wire can be maintained in continuous oscillation, or "pinged" 
by passing current pulses in the coil . As the wire is stretched, 
its frequency of oscillation increases as the square root of the - 
applied stress. By mounting the wire on a diaphragm, a simple 
pressure transducer is obtained, which is very reliable, as it 
has no need for electronics to be inserted in the transducer 
itself, and it yields an output independent of cable resistance. 
The reliability and simplicity makes this type of pressure 
transducer very attractive for use in geological measurements 
of pore-water pressures in the ground (Reference 28). This 
measurement is required to determine slope stability of 
excavations and strength of foundations soils.
However, the accuracy required for Process Control cannot 
be achieved with these transducers, one of which, a pressure 
transducer, is shown in Figure 2.
APPLIED PRESSURE
E l
ELECTRO MAGNET-
WELDSD DIAPHRAGM
WIBRATING WIRE
STAINLESS STEEL 
CASE
Figure 2 - Vibrating-Wire Pressure Transducer
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(i) Long term stability
The long term stability of the transducer is very poor being 
of the order of 5% of F.S.D, for the first year.*
Three factors contribute to this: (a) the wire is clamped
or even nipped at the point of maximum stress; (b) the wire 
must be stretched, hence creep sets in; and (c) the device 
measures the deflection of the diaphragm, which is thus under 
continual load, and due to its large span, its life cannot 
be guaranteed.
(ii) Hysteresis
The diaphragm must travel a considerable distance compared 
with the diaphragm in a force-balance transducer, and 
mechanical hysteresis is inevitable. The stretched wire 
also contributes to the hysteresis,
(iii) Temperature coefficient
For temperature stability the temperature coefficient of the 
wire must be matched to that of the diaphragm, the diaphragm 
must resist corrosion, and the wire must have an acceptably 
small thermoelastic coefficient, (see section 3.3.1). This 
places a severe restriction on the choice of a suitable metal. 
Thus in the design of a pressure transducer it is necessary 
to:-
(a) ensure that the sensing element is not stretched or nipped 
if creep is to be avoided
(b) arrange that the reactive force be supplied to the sensing 
element rather than the diaphragm, and thereby avoid 
hysteresis and a restricted choice of material.
The reasons for lack of accuracy are given below:
* Discussion at Conference on Vibrating-wire Strain Gauges, 
Imperial College, 1967.
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3.2 Technical Description of the Vibrating-Strut device 
Figure 3 shows the principles of operation
OVER PRESSURE
STOP VIBRATING
DIAPHRAGM
Figure 3: Vibrating-Strut Pressure Transducer
The sensing element consists of two struts joined together 
and set in the flexure mode of vibration. The frequency of 
oscillation of a ’clamp-clamp’ strut varies with the applied 
axial stress. The frequency increases when the external force 
is tensile, and decreases when the force is compressive. To 
overcome the problems associated with clamping a strut at the 
points of maximum stress, two struts are used to form a double 
tuning fork, so that the force can be applied at the naturally 
occurring nodes, i.e., the 'stems’ of the double fork. It is 
well known that in a well balanced tuning fork, only the second 
harmonic energy is transmitted to the stem, and this is quite 
negligible. Thus by using two forks we can clamp the two stems
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without affecting the natural frequency of the tines. This 
overcomes the problem of nipping and also the requirement of 
having infinitely stiff and massive clamps.
Referring to Figure 3, it is seen that the two flush 
diaphragms are joined together by a connecting rod which transmits 
their movement to one end of the double tuning fork. The other 
end is joined to the Strut Anchor, which is a stiff disc welded 
to the case. A pressure applied to the left-hand-side diaphragm 
will cause the struts to compress, and a pressure on the opposite 
diaphragm will cause the struts to extend. Equal pressures on 
both diaphragms will exert no force on the struts. The struts 
can be made as stiff as desired, thereby allowing the diaphragms 
to function as floating pistons to convert pressure to force and 
thus isolates the sensing element from the material whose pressure 
is to be measured.
Because there is hardly any movement involved, the compression 
or extension of the stiff struts not exceeding ± 0.002 in. (0.05 mm), 
the diaphragms can be made simple. The stiffness of the diaphragm • 
is only 5% of the stiffness of the struts, and thus the effect of 
any hysteresis of the diaphragm is reduced by a factor of 20 compared 
to the effect in the vibrating-wire instrument. Further, because of 
the small travel, the diaphragm need not be corrugated, and can 
exhibit a clean smooth surface to the measured material, this being 
of utmost importance in certain applications, e.g. in extruded nylon 
applications and in the food industry.
Detailed design considerations for the Struts
The struts are maintained in vibration by a £uui-transistor 
’maintaining amplifier’, or a standard integrated circuit such as 
the Fairchild yL709. The change in the natural frequency of 
oscillation of the strut due to an applied external force can 
be derived as shown, in Reference 7.
The relationship between the frequency f at zero force 
and the frequency f when force is applied is given by:-
f/fQ = /x - cs/s0) .. .( i)
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S = ...C2)
0 9T
where SQ is the Euler buckling force:-
s
E
I
&
b
d
f
£o
Applied force (positive for compression)
Young * s modulus ■
Second moment of area of strut = (1/12) bd3 ...(3)
Length of strut 
Width of strut 
Depth of strut
Frequency at applied force S 
Frequency at zero force
It was decided to use a 201 modulation of f to represent 
full-scale variation in S, to provide a reasonable frequency 
variation for the required pressure ranges. This determines 
the range of S i.e.:-
-0.36 SQ £ S £ 0.36 SQ ... (4)
It is easily possible for graphs to be constructed which enable 
the dimensions and natural frequency of the strut to be calculated 
and examples for Quartz and Ni-Fe alloys as shown in App. (A1 - A3)
For struts having the same dimensions, the f0fs of quartz 
and the alloy are approximately the same since the velocity of 
sound in the two materials is very nearly equal.
The choice of suitable materials causes some problems and 
these are discussed for at few alloys.
(a) Nickel Iron Alloy - Ni-Span-C *
Technical Data on Ni-Span-C
(Reference Data supplied by the International Nickel Co.)
Young's modulus ...........  27 c 106 p.s.i.
Ultimate Tensile Strength __  175000 p.s.i. at 20°C
* International Nickel Co., Publications
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Temperature Coefficient ..... ± 8 ppm/°C
Shear Strength ............ .10 x 106 p. s. i.
Figure 4 shows a drawing of the Twin Struts giving 
all the dimensions for Ni-Span-C.
In this alloy the theimoelastic coefficient and the linear 
temperature coefficients are equal but of opposite sign. Thus 
the frequency of struts made from this material is effectively 
insensitive to ambient temperature over 20°C ± 40°C. Outside 
this range the effect of temperature is much more noticeable 
especially as the temperature approaches the ill-defined Curie 
point. This lies between 90°C and 130°C and is dependent upon 
the amount of cold working and heat treatment the alloy has 
received. The amount of cold working on the material depends 
largely on the operator and, consequently as a result up to 
20% variation can be encountered. Repeated machining and heat • 
treatment can overcome this problem, but it is a very expensive 
procedure. However, frequency changes due to temperature 
variations can be reduced to ± 5 ppm/°C, over a temperature 
range of -20°C to +60°C.
Creep is small for this type of alloy, but the long term 
stability of the struts under continuous stress is unknown.
The matching of the frequencies of the tines is the 
most difficult process. Both accurate dimensions and equal 
stiffness are required. As the material is not homogeneous 
over even a length of a few inches, the elastic coefficient 
can vary quite considerably. Final mass balancing can be 
adopted only for fine tuning, since it will match the struts 
only at one specific force and will cause jitter and mode 
jumping at other forces.
(b) Quartz Crystal
The following is a brief summary of the mechanical properties 
of quartz. (8)
-  1 8  -
i
Scale: 2:1
Figure 4: Ni-Span-C Vibrating Struts
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Young! s modulus ...........
Ultimate Tensile Strength 
Linear Temperature Coefficient
9.71 x 106 p.s.i. 
15000 p.s.i.
over the range of 50-100°C
Shear Strength ...
Compressive Strength 
Density .........
5000 p.s.i.
360 x 103 p.s.i. - 24 U.T.S. 
0.094 lb/in.3
Quartz offers many advantages over a Ni-Fe alloy, as material 
for sensing elements in as much as:
(i) It is a single crystal material and exhibits no creep 
or hysteresis.
(ii) It does not work-harden, and hence it is not found 
•that the modulus of the two tines are different due 
to machining.
Ciii) The thermo-elastic coefficient can be controlled by
the cutting of the quartz instead of by heat treatment.
See Appendix 5 for a discussion of the angle of cut.
(iv) A wider temperature range can be used since the Curie 
point is at 550°C, i.e. 400°C higher than Ni-Span-C.
(v) It is readily adaptable for mass production of sensors 
since this requires very little skilled work.
The most important point which needs re-emphasizing is 
that the frequency of oscillation of the tines is solely dependent 
on the physical dimension in the case of quartz, while in the 
case of Ni-Span-C it is affected by the method of machining, 
grain size and its orientation, heat-treatment, inclusions in 
the metal etc.
The method of producing the quartz is by cutting the natural 
crystal into rectangular slabs of the right thickness, and this 
can be done on an automatic saw in a few minutes. The slabs are 
then stuck together, in stacks of about eight at a time, between
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two glass sheets, and the slot is cut by an ultrasonic diamond 
drill. The quartz now is in its most crucial state as intense 
stresses have been created and chipping can occur. To prevent 
this, the slabs are heat-treated and hand polished to a fine 
finish, thus tuning the struts to the right frequency at the 
same time.
The piezoelectric properties of quartz are exploited to 
drive it in continuous vibration, like an electronic oscillator. 
Figure 5 (page 76) shows a photograph of the quartz sensing 
element. The electrodes are deposited by first sputtering on 
a film of Nichrome and then one of Gold. Nichrome is chosen 
because of its temperature coefficient of expansion matches 
that of quartz, and it gives an extremely strong bond. Gold 
is used in order to increase the conductivity of the electrodes, 
and additionally it is not easily corroded. Thin gold wires are 
then welded to the surface of the electrodes, using ultra-sonic 
welding etc.
The bonding of the quartz to the stainless steel supports 
is achieved by diffusing gold into the quartz and stainless steel. 
The diffusion of gold into quartz caused no problems since the 
same procedure was followed as for the electrode deposition.
The diffusion of gold into stainless steel was much more erratic 
due to the oxidation layer on the stainless steel and the problem 
.of out-gassing by the titanium stabilizer. The latter problem was 
overcome by choosing an unstabilized stainless steel, e.g. A.I.S.I. 
347. The first problem is more difficult but can. be overcome by 
better controlled preparation and processing. Some of the results 
obtained were very promising, but difficult to repeat.
The best results were obtained by sputtering gold on the 
Nichrome oxide layer of the quartz, and straightforward sputtering 
of gold on cleaned stainless steel. The steel was cleaned by Argon 
ion bombardment in high vacuum. The two parts were then pressed 
together and left in a furnace at 500°C for a few hours. Tensile 
tests showed that in some samples the quartz broke, before the 
bond failed.
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The quartz showed overwhelming advantages over the Ni-Span-C. 
Two identical instruments were built and achieved all the 
theoretical expectations. The advantages of quartz were in the 
ease of manufacture, the absence of hysteresis, and the wide 
temperature range. These more than offset its weakness in tension.
Construction of instruments
(a) Methods of Drive
(i) Piezoelectric
The quartz is driven piezo-electrically as shown in 
Figure 6.
Conclusion on the comparison
Figure 6: Method of Drive
The amplifier was a four transistor RC coupled amplifier 
or an Integrated Circuit yL709 (Texas or Fairchild). The 
principle of operation is shown in Figure 7.
- 22
Figure 7: Principle of Operation
For a strut clamped, at both, ends the electrode must finish 
at the points where the bending is zero i.e., at 0.224 H, from 
each end (Reference 29) see Figure 8.
Figure 8: Bending Moment of Clamped-Clamped Beam
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The required gain of the amplifier can. be calculated 
from the piezoelectric data for quartz. For the particular 
quartz shown in Figure 5 the required gain is 30,000 at 10 KHz.
(ii) Nickel Iron Alloy
The struts are driven by the same amplifier as is used 
for the gas density meter which is described in paragraph
4.2 and is shown in Figure 9 below:
Figure 9 : Maintaining .Amplifier for Magnetic Drive
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The amplifier gain is based on two linear stages and a 
saturated stage which acts as an automatic gain control.
The amplifier has been designed with low output and input 
impedances to reduce pick-up. On first consideration one 
is tempted to use current drive, as the force developed is 
then in phase with the output current, but this would require 
a high input impedance to keep the velocity pick-up in phase 
with input current to the amplifier. This would make the 
instrument very susceptible to stray noise pick-up, and 
was therefore ruled out. Instead, voltage drive and a low 
input impedance amplifier was chosen, and by using identical 
coils for drive and pick-up, one phase shift is made to cancel 
the other. The amplifier was designed to give near zero phase 
shift, and the choice of was made by trial and error, talcing
into consideration undesired modes of oscillation rejection, instant 
start-up, obtaining range etc. In considering all sources of phase 
shift in the instument, one must also take into account the magnetic 
and mechanical hysteresis of the sensing element. The aim is to 
get a system whose transfer-function is approximated by two complex 
poles and one zero in the origin (see section 5.5).
The voltage gain of the first stage which consists of a single 
transistor T^  is given approximately by - 20, and is derived
as follows; Figure 10 shows the equivalent circuit
Figure 10: First stage analysis
Provided that 6 Z3 »  1
g Z3 30
The gain of the second stage is found from the equivalent 
circuit which combines the current gain of the two transistors 
(Figure 11).
Figure 11: Second stage analysis
- 26 -
o
R. (1 + R ) 1I1V o 7
in our case, V /V. - 3000.. o' in
Resistors Ry and Rg feed back the d.c. voltage, to stabilize 
the standing current.
C^ , and with their corresponding resistors give the 
required gain stability and phase compensation.
(b) Diaphragm Design
The diaphragm is made from a heat-treatable Firth Vickers 
stainless steel FV 520B; its cross-section is shown in Figure 12.
C
A
a.
Figure 12: Diaphragm Cross-Section
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The over-pressure stop is located 0.004 in. from the piston 
(see Figure 13).
Figure 13: Diaphragm Deflection
At this point the stress on the diaphragm is half the yield 
stress of FV 520B. At full pressure deflection, the diaphragm 
stress is a quarter of the yield stress.
Once the over-pressure stop has become effective the 
diaphragm is deflected as shown in Figure 13.
The material is now in the elastic-plastic region, but 
it exhibits no hysteresis when taken to higher pressures, 
until finally it ruptures. A 60 p.s.i. diaphragm ruptures 
at 800 p.s.i.
Some diaphragms have been machined from the solid, but 
this is a slow process and it is difficult to control the 
thickness over such a wide area. Best results are obtained 
by making the diaphragm from a thin shim and a thick disc.
The bonding of the disc to the shim does not seem to present 
great difficulties, since the force acting on the diaphragm 
will always press the shim onto the disc.
The possible bonding techniques are:-
(i) Soft soldering under vacuum
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(ii) Ultrasonic welding
(iii) Electron-beam welding
(i) and (iii) have been tried with reasonable success,
(ii) has been demonstrated and looks very promising.
Figure 14 gives the pressure on the diaphragm which produces 
a deflection of 0.001 in. for different dimensions of the diaphragm 
(Reference 9). Figure 15 gives the pressure-force relationship 
for different piston diameters. From these two graphs the diaphragm 
dimensions can be determined for different pressure ranges.
0
-
0
0
3
»
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Figure 14: Pressure required to produce a 0.001” deflection
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Figure 15: Force, Pressure-Area relationship
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The model when constructed proved to be up to expectation 
and a summary of the performance is given below.
Summary of Performance
Application
Material whose pressure is to 
be measured
Pressure Ranges
Over Pressure Capability
Weight
Size
Output
Input
Linearity
Hysteresis and Repeatability
Maximum Shift with Over- 
Pressure
Temperature Range
Temperature Coefficient
g Sensitivity
Absolute, gauge and differential 
pressure measurement.
Compatible with FV 520B stainless 
steel flush diaphragm.
10 - 10,000 p.s.i.
Rated Range x 10.
2 lb.
0.7 in. to 2.5 in. diameter 
x 3 in. long.
Frequency modulation. 201 
deviation corresponds to full 
scale.
12V ± 10%, 10mA for 3 wire 
application or 18V ± 10%.•
15mA for 2, wire application.
Maximum line resistance 5C0.
A ’’Transient excited" model is 
also available where the 
maintaining amplifier is not 
required.
*3% (a precisely defined curve)
1.2% if it is used to half full 
scale only, for frequency measurement. 
9% for periodic time measurement.
*0,02% (remaining error after 
applying permitted overpressure).
*0 .02%.
Ni-Fe alloy “50°C to 100°C.
Quartz -50°C to 250°C.
*± 20 ppm/°C depending on temperature 
range.
*0.05% per g (tested in three 
axes on a vibrating table).
* All percentages are of F.S.D. pressure
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Vibration 50g at 0 to 3.5Kc/s (maximum 
allowable acceleration).
Calibration 3 calibration coefficients for 
setting up analogue or 
digital linéariser.
Long-term Drift
Common Mode Rejection
Ratio of High Pressure End to 
Low Pressure End
*Less than 0.1% per year.
1:3000 (70b).
4:1 (but both sides can withstand 
the same over-pressure).
Some Comments on the Pressure Transducer
The first prototypes built, proved all the theoretical 
predictions, in particular the outstandingly low hysteresis 
performance, after the transducer had been subjected to ten 
times the working pressure.
The temperature coefficient of the quartz, for the +5°X 
cut chosen, was sharply parabolic, which is not acceptable for- 
wide temperature use. More investigations are needed to broaden 
the parabola, a topic which is of interest to crystallographers.
More work is also required to improve the common mode rejection when 
it is used as a differential pressure transducer, where common 
mode rejection means the ability to ignore static and equal 
pressure which is applied to both diaphragms. A factor which 
cannot be ignored if the effective area of the diaphragms 
differs, a differential force will result. Further in an ideal 
situation some means of adjustment should be provided to compensate 
for machining tolerances, and yet another item which could be 
improved is the axial *g sensitivity*. By *g sons it tv* we 
mean the error which the instrument records when standing it 
•on its head*. For instance if the solid discs of the diaphragms 
and the connecting rod were made from alumina, the stiffness to 
weight ratio is improved by a factor of 6 which would offer 
great advantage, but this may cause more problems in the matching 
of axial expansion coefficients.
* All percentages are of F.S.D. pressure
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Despite all these minor shortcomings, the transducer 
described offers many advantages over existing pressure 
transducers, in respect of its accuracy, cleanliness, robustness 
and small size.
}
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4. FLUID DENSITY METERS
4.1 Introduction
The need for accurate on-line density meters has increased 
tremendously in recent years, due to higher pressure on profits 
and the large scale use of natural gas. More accurate cost- 
metering is required to cut the "give-away", and tighter 
specifications of blended product require highly accurate 
quality-control instruments. In the case of fuel gas, gas- 
density meters are a ’must’ due to the unknown pressure/volume 
lav; for a varying product mixture of North Sea gas, coal gas 
etc., see Section 4.2.
The aim was to design a. truly industrial instrument which 
would be robust, reliable, accurate and intrinsically safe.
Various techniques were studied, and the results showed that 
the frequency-modulating type, using a circumferential mode 
of vibration is the most suitable. The theory for this is well 
developed, (see Section 4.4 for theoretical background), and 
the main task, therefore, was to translate the theory into 
practice, and to arrive at some simplifications in the design 
for ease of ranging.
A large part of the development was to develop techniques 
for machining difficult parts, to overcome metallurgical problems 
of heat treatment of the sensing element alloy etc. The sensing 
element, the ’Vibrating Spool’, has a diameter of 20 mm, and a thickness 
of as little as 0.05 mm and it is of utmost importance to machine with 
minimum ovality and variations in thickness to avoid exciting more 
than one frequency at a time. Many experiments had to be tried to 
find the correct grinding wheel, speed and feed of grinding, cooling 
agent etc. The material is most inhomogeneous which makes machining 
very difficult, and heat-treatment is a ’black-magic’ art. It has 
been found that in some cases two adjacent spools off the same bar 
and undergoing the same heat-treatment, have thermo-elastic 
coefficient (T.E.C.) differing by 8 ppm/°C. The recommended
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heat-treatment temperature for Ni-Span-C varies from one 
manufacturer to another, by 200°C, and many phenomena which 
affect the T.E.C. are not mentioned at all (Section 5.3).
It took a team of three people nearly one year to master 
these problems and to be able to produce the spools in significant 
numbers.
4.2 The requirements for a. Gas Density Meter
The requirements for a satisfactory industrial gas density 
meter are as follows:-
(i) Insensitivity to pressure variation.
(ii) Insensitivity to viscosity variation.
(iii) Insensitivity to temperature variation.
(iv) Insensitivity to vibration.
(v) Insensitivity to flow variations.
(vi) Ease of cleaning.
(vii) It must work at the dev/ point of gases.
4.2.1 Particular requirements for mass flow application
(a) Pressure differential techniques.
(b) Turbine-type techniques.
The devices covered under the first heading are orifice 
plates, Venturi tubes etc., which obey the basic Bernoulli 
equations :-
Volumetric flow Q = K /AP/pf" ... (5)
Mass flow M = Qp = K ÆTÂP1" ... (6)
Where : K = dimensional constant which includes also all the
corrections for viscosity, flow mode, etc.
AP - pressure differential across a restriction.
- 36 -
For turbine flow meters, the volumetric flow is given
by:-
Q = kf 
and the mass flow by:-
— — (7)
M = Qp = kfp  (8)
where : k = scale factor for the particular turbine, and 
f = frequency of output pulses.
It is seen that the measurement of the fluid density p, 
is essential in cases (vi), (vii) and (v) and in fact, when 
dealing with gases, only mass flow lias any meaning.
As reliable gas density meters have not been available 
up to now, the customary way to measure gas density was to 
assume that Charles’ and Boyle’s laws are obeyed by real gases, 
hence: -
For a'One-Product1 iine, m is essentially constant, and 
by measuring T and p the density can be obtained.
This method however, leads to grave errors, since real 
gases depart considerably from the ideal realtionship of 
Equation 9, and a Gas Equation should be used which then includes 
higher orders of T and p. In a multi-product pipe line conveying, 
say, a random mixture of natural gas and coal gas, m is not constant, 
and Equation 9 cannot be realised by measuring T and p only. Moreover, 
the (p, V, T) equation for a mixture of gases depends on mixing ratio. 
Figure 16 demonstrates graphically the deviation of some gases from 
the ideal gas law (10). For ideal gases at constant temperature
p = pm/RT
Where : m = molecular weight of the gas
p = absolute pressure 
T = absolute temperature 
Rj= the ’gas constant1
V = volume
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the product pV is constant, and thus when p is varied by 
changing V, the product pV. of gas remains constant. This is 
shown by the dotted line in Figure 16. Real and common gases 
however do not follow this line, and in the case of carbon 
dioxide at 40°C and 1500 p. s. i., the deviation is about 80%, 
and this obviously is an intolerable error. Even a 3% error 
is unacceptable in some cases, where as in the case of natural 
gas, thousands of pounds worth of gas are being metered daily.
Figure 16: Variation of pV with p
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From the above it appears that the direct measurement of 
gas density is essential and there follows a general discussion 
on available gas density meters (31).
The most accurate and straight forward method is based 
upon the buoyancy technique (30). A quartz ball is 
supported on a weigh-beam mechanism, which is balanced 
by a force-balance technique. The method is very delicate 
and susceptible to vibrations, and it is therefore not 
suitable for on-line industrial measurement.
Nuclear absorption techniques have also been tried, but 
failed, as minute iron-dust particles and moisture caused 
the instrument to give high signals. The instruments also 
required individual calibration.
A common commercially-available device is a centrifugal- 
type density meter. The principle of this technique is the 
pressure difference developed due to the centrifugal force 
between the ends and the centre of a rotating hollow tube.
A differential pressure transducer is connected through an 
'O’ seal to the centre of the tube while the other side is 
connected to the outside case. The drawbacks of this type 
of instrument are:-
(i) Moving parts and possible leaks through the *0* seal.
(ii) The high power consumption (30W) heats the gas.
(iii) The instrument responds also to viscosity because 
of the drag forces.
(iv) It is affected by moisture and. condensation.
(v) Unsuitable for in-line application, (owing to large 
size, maintenance problems, and lack of intrinsic 
safety).
(vi) Reading affected by pressure.
From the above discussion we see that no existing gas density 
meter comes near to satisfying the eight requirements listed on 
p. 35. However, all these requirements are met by the developed 
instrument and this is described in Section 4.5.
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Liquid density meters are used widely in industry in 
all sorts of shapes and forms (31). The simplest is the 
Hydrometer, which gives quite a high accuracy for minute 
capital cost. Buoyancy, nuclear absorption and weighing 
techniques are all in use; each method has its particular 
attraction for some application, and also disadvantages:-
(i) Hydrometers - accurate and cheap, but have no 
facility for on-line recording.
(ii) U-tube weighing, bulky, very sensitive to vibration, 
suffers from flow effects due to change of momentum. 
Difficult to clean.
(iii) Floating plummet - an automated hydrometer, suffers 
from errors due to fluctuations in the flow pattern, 
and from vibrations and viscosity effects.
(iv) Vibrating Twin-tube - a double hollow tuning fork 
arrangement. Rather bulky and extremely sensitive 
to the presence of gas bubbles in liquids. It also 
suffers from line-pressure variations. This instrument 
is also a frequency modulating transducer, and will be 
discussed at greater length in Section 4.4.
The above instruments are described to help define the 
aims of a new instrument, and it is possible to write the 
specification given below
It must.be:-
(a) light and compact,
(b) insensitive to vibrations.
(c) insensitive to gas bubbles in liquids.
(d) easy to clean.
(e) intrinsically safe.
(f) immune to line pressure and low fluctuations.
4.3 Requirements for a Liquid Density Meter
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(g) capable of using the minimum amount of metered fluid 
(medical applications etc.)
(h) capable of reading the average density (application to 
slurries).
All the above requirements, except the last one, are met 
by the instrument described in Section 4.5.
4 • 4 Vibrating Twin-tube Density Meter
This instrument is described here in some detail because 
this too uses vibrating bodies as sensing elements. As its mode 
of vibration is more primitive it may help to explain the ideas 
behind the main instrument (11).
The instrument consists of a double hollow tuning fork, 
through which the measured liquid is passed (Figure 17).
LIQUID
FLOW
MAINTAINING
AM PLIFIER
Figure 17 : Vibrating Twin-tube Density Meter
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The tubes are set in flexure vibrations by the coil 
mechanism. Assuming that the liquid does not contribute 
to the stiffness, then the whole vibrates as a solid bar.
The amount of the total vibrating mass (Mp) is the sum of 
the equivalent mass of the tubes (M ) plus the vibrating 
mass of the liquid , and stiffness is that of a clamped- 
clamped bar. The angular frequency in this simple second 
order system is:-
(0 =  (10)
where K is the stiffness of the clamped-clamped tubes 
and
Mr - ms - ml
Hence
= /K = /KTivT
M  + Mt /I + (mt/mT ^S jL Li S
The equivalent vibrating mass of tube is given by:- 
Ms = tt (r22 -  rp2) £pg = 2?rrt£ps
where r^  and are inside and outside radii of the tube and z 
is the equivalent vibrating length, r is the average radius and 
t is the wall thickness. £ is shorter than the actual length, 
and is used here in order to arrive at the 'equivalent vibrating 
mass' which is lighter than the mass of the tube. The 'equivalent 
mass’ concept is used in order to simplify the approach to the 
system vibration and to enable the well-known root locus techniques 
to be used for analysing viscosity effects etc. The concept of 
'equivalent stiffness' is useful, enabling the calculation of 
the deflection for a given current in the drive coil.
The equivalent vibrating mass of liquid is:- 
ML = n l  * PL
where p^  and pg are densities of liquid and tube respectively.
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Therefore the ratio MT/M yields:-±j s
 ^PL r PL
Its? t Z p 2t pps Hs Po
substituting in the frequency Equation 11, we have:-
Ü) (12)
/l-H(pL7 po)
where
= angular frequency in vacuum; wq = /K/Ms
In the above calculation it is assumed that the liquid, 
is moving together with the tube. If however air bubbles 
exist in the liquid, this is no longer the case. In particular, 
if the dimension of the bubble is such that its frequency of 
oscillation is the same as that of the vibrating system, the 
bubble acts as a resonator which absorbs most of the energy of 
oscillation, i.e. the apparent vibrating mass is increased. It 
can be shown that the natural angular frequency of a bubble (1 2)
The importance of the part that bubbles paly can be seen 
by considering a simple case. An air bubble of 3.2 mm radius,
is
u  = ( l / a ]  /3 y p / p l  (13)
where : a = radius of bubble sphere.
Y = specific heat ratio Cp/Cy*
p = average static pressure inside and outside 
bubble.
pk = density of liquid 
pa = density of air
at atmospheric pressure and 20 C, resonates at lKHz in brine
3solution of density 1.021 g/cm .
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It can also be shorn (12) that at resonance, the attenuation 
of the sound waves due to the bubble is increased by a factor
Thus the presence of quite small bubbles can attenuate 
the vibrations to such an extent that oscillations will cease 
completely. Additionally, the oscillation takes a considerable 
time to build up, during which period the apparent density increases 
steadily to a large value.
To summarise, the effect of small bubbles on this instrument 
is to increase the apparent density of liquid and in some cases 
to stop the oscillation completely, and this is the major handicap 
of this instrument.
Another drawback is its sensitivity to pressure variations.
As seen in the previous section, a laterial compressive load on 
a vibrating beam will reduce the frequency of oscillations (Equation 
4A8 in Appendix 4). The compressive force in the present case 
comes from the internal liquid pressure, which sets up tensile 
hoop stresses and compressive axial stresses. The latter affect 
directly the moments of vibration as shown in Appendix 4. Thus 
this type of density meter, will respond to internal pressure 
variations in a similar way to the Vibrating-Strut meter 
(Section 3.2). Making the tube walls thicker improves the 
situation, but reduces the density sensitivity at the. same time.
A compromise must therefore be sought.
Excepting these three drawbacks, the instrument offers many 
advantages, such as insensitivity to external vibration, due to 
its high mechanical ’Q factor’; it can be mounted in any position, 
unlike the U-tube and floating plummet, and is much smaller and 
easier to clean than the first two instruments. The vibrating 
spool meter (Section 4.5), is still smaller, seventeen times
» 5.5 x 10',3 -(14)
where: = velocity of sound in liquid
Va = velocity of sound in air bubble.
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lighter in fact, but it cannot measure average densities, which 
is important in some cases.
'4.5 General Description of the Vibrating Spool 
Density Meter
The three main problems of the vibrating twin-tube density 
meter described in the last section, i.e. bubble sensitivity 
and pressure sensitivity, have been solved by use of a vibrating 
spool and making use of another mode of vibration - the 
circumferential mode. The principles of operation are shown 
in Figure 18.
Figure 18 : Vibrating Spool Density Meter
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The sensing element is made of a thin cylindrical shell, 
the ' spool ’, thickened at the ends by the flanges, and set in 
oscillation by the drive coil, amplifier and pick-up coil. The 
spool is made to oscillate, in a circumferential mode, and can be 
looked upon as two bells joined together and supported at the 
two ’stems1 i.e., the flanges. The maximum amplitude of 
oscillation takes place half way between the flanges, which 
define the acoustic length. When the spool oscillates, its 
cross-section changes in time, e.g., from circular to elliptical. 
This causes the fluid, which is in contact with the spool, to 
oscillate as well. The stiffness of the spring-mass system is 
the circumferential stiffness of the spool, and the mass is the 
effective mass of the spool plus the effective mass of the fluid. 
The frequency equation, therefore, takes the same form as 
Equation . 12„
T = —  = —  /L+Cp/pJ  = T /l+(p/p ) --(15)
Cl) (1) o '  0  o  'o
The measured fluid is allowed to flow both inside and 
outside the spool, thus cancelling any differential pressure 
effects. The clean unobstructed flow path is shown in the 
photographs. The spool is retained inside the body by a 
screwed ring, and can be easily taken out for cleaning. The 
coils are mounted outside the casing which is made of non-magnetic 
metal, such as Austenitic Stainless Steel or Aluminium.
The resulting instrument gives a clean unobstructed flow 
path to the fluid. Photographs of the complete unit are 
shown in Figures 19 and 20.


5. DETAILED DESIGN OF THE VIBRATING-SPOOL GAS DENSITY METER
5.1. Introduction
Before starting to design the gas density meter? a study was 
made of the literature on vibrating thin cylinders (12)-(24), so 
as to derive a starting point for choosing the design parameters. 
In spite of the extensive development of the theory, very little 
information was gained which could be directly applied to the 
design.
Three points emerged from the literature:-
(i) Rayleigh (12) noted that a cylinder must be free 
from imperfections, otherwise several frequencies 
are excited simultaneously.
(ii) Baron and Bleich (18) indicated that increasing the 
length beyond 5R had no effect on frequency.
(iii) Warburton (21) gives a formula for p/pQ which is 
of the same form as the flexure formula 15.
These points were used to formulate the design criteria as 
follows:
(i) Inner bore - a compromise between the desire to 
achieve maximum sensitivity by making the bore as 
large as possible, the availability of Ni-Span-C, 
the ease of machining, and market demand where most 
potential users want a direct connection to one inch 
pipes. Initially a 2 cm inner bore was chosen.
(ii) Overall length was chosen as 7 cm to make the 
frequency insensitive to length tolerances.
(iii) Wall thickness - depends on density range. The
most sensitive spool has a 0.05 mm wall thickness.
Its corresponding pQ is 60 mg/cc.
Having achieved what should have been a successful design, 
the frequency of a prototype was then measured and coiiipared
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with the theory. The agreement was poor, and experiments which 
were repeated with successive instruments as they were produced, 
gave no appreciable changes.
This lack of agreement was sufficiently serious to throw 
considerable doubt on the developed theory. A deeper study of 
the literature produced various points which were not in accordance 
with observation.
The theoretical prediction (21) of the behaviour of the 
density meter follows the form of equation 15 which is:-
where : X- is the equivalent wavelength
v is the velocity of sound in the spool 
pQ is given by (21) as:
The notation is the same as in equation 12, and n is the 
number of the circumferential mode.
This formula works very well in practice for very thin spools 
(0.058 mm) but shows gross errors for spools which are five times 
thicker, as shorn in the table below:
T = T0 A  + p/p0 —  (15)
—  (16)
SPOOL I SPOOL II 
t - 0 .2 5 4  mm 
R = 10 mm 
n = 2
pQ predicted = 2 9 5  mg/cc 
pQ measured = 167 mg/cc
t « 0.058 mm
R = 10 mm 
n = 2
pQ predicted =59 mg/cc 
pQ measured = 60 mg/cc
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The frequency (ft) equation is derived (21) from the 
following equation:-
Other experimental results are given in Appendix 7.
A3 - K- A2 + IC, A - K = 0
M 1 O —  (18)
where
A = [ps/E][RV(l - v2)] —  (19)
v = Poissonfs ratio for spool 
L ~ I longitudinal wave length
Kq is given by:
The expressions for I(^ and 10, are similar.
Warburton (21) and Junger (17) predict three roots to the 
frequency equation; in practice however, only one (the lowest 
frequency) can be excited, as Warburton found experimentally 
himself. Junger does not give experimental results, so it is 
not known whether he managed to excite those higher modes. The 
prediction that the distribution of frequencies and the sensitivity 
will vary with the velocity of the sound of the fluid, was not 
fulfilled. In practice, experimental results obtained over a 
wide range of 'fluids’ - from vacuum to trichloroethylene (1420 mg/cc) 
showed that equation 15 applies accurately. The same applies to the 
thinner spool with various gases, as can be seen in Appendix 7. 
Experimental results given by Fung; Spechler and ICaplan, (22) 
using a 3.5 inch diameter cylinder made of 0,001 inch thick 
aluminium foil. It is to be expected that a very large diameter, 
very thin cylinder will produce many frequencies and this was 
found to be so.
In conclusion, we see that there is a wide gap between
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¡practical observation and the published theory. In fact, the 
most useful hints of how to design a workable instrument came 
from Lord Rayleigh, who warns that the spool's cross section 
must be perfect, otherwise, a few frequencies can be excited 
simultaneously, and that the loop should be closed through a 
90° phase shift to overcome viscosity effects1 (see S.5). The first 
problem was the most difficult to overcome, and took many 
months to solve, as it entails many trials to find the correct 
/ speed, feed, cooland filtering, grinding stone material etc.
5.2 Calculation of Pressure Coefficient
From Figure 18, we see that the pressure on the outside 
and the inside of the spool is identical, thus the spool is not 
stressed under pressure. This eliminates any creep and hysteresis. 
If the pressures were not equal, the frequency of oscillation 
would increase if the pressure was higher inside the spool than 
outside, and vice-versa. The frequency pressure curve follows 
Equation 1, (Section 3.2), and if a requirement should arise to 
pass liquid on one side only, it would he possible to compute 
the pressure sensitivity coefficient from Equation 1, but of course 
only at half the density measurement sensitivity.
i
In the preferred method, the only effect of pressure is the 
. reduction of the dimension by the bulk modulus of the material, 
which for Ni-Span-C is:-
K = --I-2.? E = 25 x 106 1 ~5° ~ 6 = 3 x 106 p.s.i. -- (20)
Thus 1,000 p.s.i. will change the linear thickness dimension 
by 0.11. Assuming a 20°s modulation index, application of 
Equation 15 shows this corresponds to of F.S.D. for 1,000 p.s.i. 
The significance of the last expression is demonstrated by the 
following example. Allow the instrument to be calibrated with 
Nitrogen and establish a point at 1,000 p.s.i.; it is then 
used for a lighter gas of half the molecular weight, and assuming 
that Boyle’s law holds then the instrument should have the same 
frequency of vibration at 2,000 p.s.i. However, due to the change
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in pressure, then accordingly, the new readings will be \% 
down, assuming a 201 modulation index.
5.3 Calculation of Temperature Coefficient
Referring to Equation 15, we see that the temperature will 
affect the zero reading by affecting T , and the sensitivity 
by affecting pQ. Variations in Tq have five times the effect 
of variations in p . (201 modulation index), and are therefore
the more important since At/t = Ar/r for temperature variations, 
Equation 19 shows that pg (density of spool material) is the only 
source of temperature variation of pQ; p varies due to the linear 
expansion of the spool with temperature. The coefficient of linear 
expansion is about 10 PPM/°C, hence:
—  8po = —  8ps = -3a ~ -30 ppm/°C -— (21)
P0 36 PS 30
where: e - temperature in °C, and a = linear expansion.
Following the same procedure given in Appendix 5, p. 
the differentiation of the inverse of Equation 18 gives
*0 w-" 2(® 36 »s t r 3 "  ( 3
where: 0 is the temperature in °C
Note
Equation 22 is written in terms of f ® ^  in order to use 
the same notation as those discussed in the 0 metallurgical 
literature on "Constant Modulus Materials", (e.g. 26).
In the case of Ni-Span C, the linear coefficient is isotropic 
and assigning the value to the appropriate parameters of Equation 
2 2, gives:-
1 ' 3 frt _ i 3E 3 „ i 3E 1 fo ’zi
^  -  s 36 + I  “ '  “  ~ 2 86 + ~ "“ C23)
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Hence
In the literature the Thermo-elastic Coefficient (TEC)
is defined as:-
TEC= I f  + „
f0 3 6 2 — (24)
To obtain zero temperature drift, Equation 24 shows that 
we must find a material where 9E/36 = -a. In Appendix 5, p. 
it is shown that certain cuts of quartz crystal can yield this 
result. The same applies to some nickel-iron or cobalt alloys, 
such as Elinvar, Coinvar, Ni-Span-C, etc.
Ni-Span-C was chosen because it exhibits also excellent 
mechanical properties such as high strength, low hysteresis, 
etc. Another advantage of Ni-Span-C is that the TEC can be 
controlled by cold-working the material and heat-treating it; this 
compensates the chemical composition variations from melt to melt.
Ni-Span-C
There is a tremendous amount of published literature on constant 
elasticity materials, but most of it is very empirical in nature. 
Various unexpected phenomena are only sketchily mentioned and not 
explained, and insufficient data and/or misleading data are given, 
e.g. the recommended ageing temperature is 550°C, while in practice 
it appears to be around 400°C for zero TEC.
It was found that the TEC varies over a distance of a few 
inches of the same bar, for the same heat-treatment from 12.2 ppm/°C 
to 20 ppm°C.
Many months were spent in attempts to produce samples of 
satisfactory and reproducible Ni-Span-C and the main recommendations 
for obtaining these characteristics are given below
(i) Vacuum melting helps minimise the gas inclusions 
in the metal.
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(ii) Forging the billet helps to destroy the grain 
orientation, and minimise grain size.
(iii) The drawn material should be quickly solution-annealed 
in a salt bath, since it is suspected that the 
excessive hardness and variations in TEC are mainly 
due to incorrect annealing.
(iv) The amount of cold-work must be controlled, as closely 
as possible and the desired 50% should be obtained 
from manufacturers and not just mentioned in textbooks.
(v) The manufacturers should guarantee the TEC for 
a specified heat-treatment, since this is the 
main reason for using Ni-Span-C.
(vi) A detailed specification for every batch should be 
supplied. Such information should include the 
Curie temperature, magnetic permeability, and other 
parameters which vary widely from batch to batch.
(vii) General information on the effects of external 
magnetic fields on the TEC, Young’s modulus and 
mechanical hysteresis, should be supplied, since 
all the above-mentioned parameters are affected 
by magnetism.
Despite the fact that experimental alloys are produced at 
a rate of more than, one a week very little data are available in 
a published form. Ideally for the purpose described an alloy with 
zero TEC should have a higher Curie temperature and better corrosion 
resistance. However practically all the material available has to 
be used and it appears that a TEC of ±10 p.p.m./°C has to be 
tolerated. This corresponds to a zero drift which is ±50 p.p,m./°C 
of F.S.D. and, at least for the time being, this is adequate.
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5.4 Corrosion Resistance
Ni-Span-C contains 42% Nickel and 5% Chromium, and is a 
reasonable corrosion resistant alloy. It is not as good as 
some stainless steel, which exhibit extremely good corrosion 
resistance properties, but unfortunately their TEC is about 
200 PPM/°C, and this if magnetic drive is used, the higher 
TEC must be ’traded for’ higher corrosion resistance properties.
5.5 Minimizing Viscosity Effects
The effect of viscosity on a vibrating system is to reduce 
the natural frequency of oscillation. This was noticed by 
Lord Rayleigh one hundred years ago when he maintained oscillation 
in a tuning fork by two solenoids. Electronic engineers too have 
noticed that the resistance of the coil in L-C oscillators affects 
the frequency, but their solution to the problem is not as elegant 
as that of Rayleigh: they place the whole unit into a temperature-
controlled oven, thus avoiding resistance changes with respect to 
changes in ambient temperature (27).
Rayleigh found experimentally that a 90° phase-shift 
compensated automatically for loss variations. He gives no 
explanation for it, but the reason for it is quite simple. To 
a good approximation the mechanical (or electrical) oscillating 
system can be described by a second order differential equation, 
having two complex poles in the left half s-plane. This equation 
describes the relation between force and displacement of a mass, 
spring and damper system. If positive feedback is used and the 
loop is closed through a 90° phase-advance element (velocity 
feedback), it is shown below that the locus of closed-loop poles 
will be the circle as shown in Figure 23. (a and b)
7 *
Finite
bandwidth
amplifier
pole
4C: /
low damping
I
high damping
/
■ I
%
Fig.23a: 180° root locus of a second order system.
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Figure 23:(b)Zero phase root locus of a second order system
It is seen from Figure 23 that irrespective of the movements 
of the open-loop poles (i.e., due to variations in viscosity only) 
the locus of closed-loop poles always intersects the axis at cjoq, 
since:
al + a2 = 1^ + 2^ = “90° — (25)
It should also be that the poles contribute lag angles, 
hence have the negative sign.
In the system under consideration the force is applied from 
the drive coil, and for simplicity is is assumed that an ideal 
current drive exists and therefore the driving force is in 
phase with the output current of the amplifier. The velocity
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pick-up is obtained automatically from the pick-up coil, as 
the voltage across it is directly proportional to the velocity 
of the gap between spool and coil. Thus if the amplifier has 
high input and output impedances and zero phase shift, the 
desired traisfer function is achieved. Appendix 6 , p. deals 
with the principles of feedback systems and shows how to apply 
these principles to the design of L-C oscillators without 
resorting to the 'oven solution'.
5.6 Effect of External Vibration
Due to the high mechanical Q* of the spool (about 500),
external vibration at frequencies below the resonance of the
spool does not affect the performance of the instrument. The
instrument was tested on a vibrating table at 2 g from zero to
half f in all three axes, and the error found was less than o
0 .0 1% of F.S.D.
5.7 Flow Effects
The effect of flow is to continually remove some of the 
radially-vibrating fluid, and thus increase the effective 
vibrating mass and the damping. As the pressure waves of the 
oscillation travel at the velocity of sound, flow rates which 
are much below the velocity of sound hardly affect the frequency 
of oscillation. With water flowing at 20 ft/s, the apparent 
density increased by only 0 .0 2%.
* Q is defined as follows:-
q  =  ENERGY STORED IN SPOOL 
ENERGY DISSIPATED
- 58 -
The coils are moulded into the outer casing and do not come 
in contact with the measured fluid. The inductance is 10 mil and 
the maximum drive current is less than 10 mA. The maximum open 
circuit voltage is 15V. These values fall well within the maxima 
tolerated by such authorities (H.M. Factory Inspector, etc.), and 
the out-of~contact feature makes this instrument safer than most 
others. The total power consumption is less the |W, thus the 
instrument can function for days from a pocket-battery. The 
detailed design of the amplifier has been given in Section 3.
The outer casing is designed to withstand pressures well 
above 10,000 p.s.i. which compares favourably with the 1,500 
p.s.i. maximum of the other instruments.
5.9 Effect of Bubbles in Liquids
The zone of fluid oscillations is very small; about 0.1 in.
from the surface of the spool (32), the oscillations are 
undetectable. It is possible to insert a thick core inside, 
without affecting the frequency of oscillation. Thus the presence 
of bubbles does not affect the performance, unless they are very
near to the walls of the spool. Bubbles in the oscillating zone
do affect the frequency, but compared with the performance of the 
instrument described in Section 4.4, in this instrument the move 
is in the right direction. The bubbles decrease the amount of 
vibrating mass, but because the energy of the sound waves is in 
shear, the bubbles cannot absorb the energy in resonance; hence 
the frequency increases relative to the size and position of the 
bubble. It is reasonable to assume that statistically the bubbles 
are evenly distributed; and since only those near the centre of 
the spool surface affect the performance, the instrument is not 
hindered by the presence of bubbles. This has been amply proved 
by experiment.
Additionally a number of independent institutes have carried
5.8. Intrinsic-Safety Considerations
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out tests and results have been presented in private communications 
to the author. Extracts of the Gas Council results are given 
below:
The results show that the instrument can be used as Specific 
Density indicator with an accuracy of less than ± 0.5%. This is 
rather a remarkable result., since only about 0.01 of its range 
was used for this purpose.” .
Other Evaluation Reports are also very complimentary.
The same applied to solids suspended in liquids. This 
ability to ignore most solid particles of bubbles, and in the 
case of slurries, when the average density is required, this 
feature is a disadvantage.
5.10. Results and Specifications
A number of instruments were built and tested by independent 
institutions. The performance of the instruments was found to 
fall within the following specification:-
Specifications :-
Fluid to be measured....... Compatible with: (i) Aluminium or
EN58J Stainless Steel.
Density Range
Potential Accuracy
Stability ......
Vibration ......
(ii) Ni-Span-C.
0-30 mg/cm^ to 0-2000 mg/oif* for 
2 0% deviation in periodic time.
0.1% of F.S.D.*
Time constant
0.1% of F.S.D. per year
50g at 0-2 kHz.
lms
Temperature range (i) -20°C to 60°C (tested)
(ii) -20°C to 400°C (expected)
(iii) Cryogenic (actual : tested in
liquid ^)
* Repeatability has been checked to this value but no absolute 
reference standard is available to this precision.
t -  6 0  -
Temperature Coefficient ......... From'50 PPM/°C to 1,000 PFM/°C
of F.S.D. depending on range.
Hysteresis and Repeatability..... From 0.01% to 0.1% depending on
fluidt
Maximum Pressure ................ 10,000 p.s.i.
Size  ... . 2 in. o.d. x 3\ in. long, plus
flanges (B.S. or DIN).
Case material ....... ........... Aluminium or EN58J Stainless
Steel.
Weight ........................ Minimum 2 lb.
Linearity ............ ......... A precise law:-
T  «  T o  A  +  ( p / p o )
(corresponding to 3% deviation from linear, for 20% modulation). 
where: T = measured periodic time
To = periodic time in vacuum 
p = measured density 
pQ = a constant depending on range 
Power Supply ....................... 10V to 28V; 15mA
Line Resistance ...... .......... Depends on source voltage
Periodic Time Modulation Index ..... To suit, depending on application
Output ........................ 5V peak to peak, from 4K7 source
* Repeatability has been checked to this value but r.e absolute 
reference standard is available to this precision.
5.11. Conclusion on Fluid. Density Meter
The designed density meter achieved all the set specifications 
and is finding its uses in various applications such as cost-metering 
of natural gas, airborne fule mass flow metering, plastic processes 
etc. Extensive use has been made of old theories of sound and
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vibrations, and some engineering break-throughs were made in 
material handling, magnetic drives and. viscosity compensation 
mechanism which included the design of a new L-C oscillator.
Future work is to be carried on improving the mechanical Q at 
high viscosity liquids and extending the temperature range.
The output is a f-m one and. whilst this technique has 
advantages for control uses, the instrument has most interesting 
properties in its own right.
General conclusion
The aim of this project has been to design two industrial 
instruments that will combine high accuracy (0 .1% of full-scale 
deflection) with robustness.
During the development close contacts were kept with large 
users of instruments in thè Process Control industry, and some 
companies were extremely cooperative in evaluating the prototypes. 
The set aims were successfully achieved as can be seen from the 
detailed performance. It was always felt that the instruments 
should not perform only prototypes, but could be mass-produced, 
and the fact that this lias been done is seen as an achievement in 
itself. Although no new theories resulted from this work, the two 
novel instruments add a major contribution to the state of the 
industrial measurement art..
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6.4. APPENDIX-4
Tlie first six roots of the frequency equation are given 
by Reference 7:-
1. Frequencies of Vibration of a Clamped-Clamped Beam
k0  *1 . . .  lc2 h  k4 "K5 A—    i 2 ± 2  (4A1)
0 , 4 .7 3 0  7 .853  10 .996  14 .137  17 .279
w here : -  ^ " . . . ' . . . . . . . ' . . . ' . . . ' . .  (4A2)
a>n  « fre q u e n c y  o f  o s c i l l a t i o n  o f  mode n  ( in te g e r )
A » c r o s s - s e c t io n  a r e a  o f  s t r u t  
E = Young’s m osulus
1 = second  moment o f  a r e a
g = g r a v i t a t i o n  c o n s ta n t
From 4A2 we have
w 2 = le* | i £  = a 2 n  n  Ap n
o r  wn  = 1^ na  • • • • • • •« • • • . . . . .  (4A3)
N o tin g  t h a t  th e  v e lo c i ty  o f  sound in  th e  s t r u t  i s  
v « /E /p g
we have
wn  = kn  ••    (4 A4)
Now, in  o u r c a s e  I  = bd /1 2  and A = bd 
Thus
wn  = v d /Æ T     (4A5)
w hich  g iv e s  f o r  th e  fundam en ta l mode
( 4 . 7 3 ) 2  d d -
j: _---------------’ —77 V «  1 . 0 3  —77 V
h  ■ 21, m  i 2 a2
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/For practical purposes, write a /d = then
f i  * v/ xi . C4A6)
Equation 4A6 is accurate to within 3%.
5 d.For steel f^  = 2 x 10 and within 2% the same applies, to
Quartz.
2. Effect of Axial Force on the Lateral Vibration
  J) ---->
5 ---
0 Z 2 4
X
Figure 4A1: Strut under external forces
If an axial static force S is applied at the ends of the 
bar, as shown in Figure 4A1, the bending moment M is increased 
by Sy. Equation 4A3 is then modified to
<on = y a Vl -(S/EI kn¿) (4A7)
For our particular case 
k± « 4.73/i,
hence
f lCS) (4A8)
S = El L 2 - o 1
which is recognised as the Euler's Buckling load, 
for compression force and negative for tension.
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where
Xx = £2/d
2-n i j3 
it E b d
31
S is positive
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6.5. APPENDIX 5
Temperature Coefficient of +5° X Cut Crystal
The frequency of oscillation in the flexure mode of a long 
thin strut is given by Equation 4A6
f  _ v d_ /Eg_
1 _ *1 » V P ................................   <4A6)
As tlie crystal parameters are given in terms of compliance 
i X
s 22 = E * we re-wtite Equation 4A6, as
f ?  Æ “ .......................................................... C5A1)1 & / s 22p
where s^ is the compliance modulus along the length of the 
crystal.
The temperature coefficient of f^  is found by differentiating 
Equation 5A1 with respect to the temperature 8 :
Tf = = T d - ^ T s 22 + T ^  - 2h  .............. <SA2)
where T denotes the specific temperature coefficient at room
Jv.
temperature, i.e.'
T = ì  —x x ae 0 = 20°C   (5A3)
We shall now discuss each temperature coefficient 
individually.
a )  V
The temperature coefficient of expansion along the optical 
z-axis of quartz is 7.8 ppm/°C, while in a plane perpendicular 
to this axis it is 14.3 ppm/°C. (8). For any direction making 
an angle 8 with the optical axis, the temperature coefficient of
expansion is
= 7.8 + (14.3 - 7.8) sin2e ................. (5A4)
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If a is taken as the angle of the length from the axis of
c
2
the crystal (a = +5° in our case), then
= 7.8 + 6.5 cos a in ppm/°C ...........  (5A5)
(Ü ) Td
Similarly the temperature coefficient of the depth dimension,
i.e., at right angle to the axis a9 is found as
Td = 7.8 + 6.5 sin2« .......   (5A6)
(iii) T
P
The temperature coefficient of the density p, is the negative 
sum of the temperature coefficient of the three axes
Tp = -(7.8 + 14.3 + 14.3) = -36.4 ppm/°C........ (5A7)
(iv) T ,
 ^ J s  22
The value of T , is much more difficult to determine, since 
s 22its computation involves the differences of large ill-defined numbers, 
is resolved from the compliance matrix of the quartz
S 22 = S 11 cos^a + s 33 sin a^ + cos^ a sina+ (2s^ + s44.)
2 2s m  a cos a ...........................................(5A8)
Values of tine corresponding TX are given by various authors 
(8). Two are given here for comparison
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AUTHOR T<. T TS 11 13 S14 s33 44
MASON +11.8 -294.8 +120 +182 +195.4
BECKMAN +11.5 -148 +113 +180 +175
My choice from the above data yielded for a = 5°
T . =16 ppm/°C (5A9)
22
Substituting Equation 5A5 to 5A3 we have
T£ = 7.8 + 18.2 - 15.6 +6.5 (sin25° - 2 cos25°) - J/6 (5A10)
= -14 ppm/°C
The effect of the shear mode of vibration which is also present 
is to make T£ still more negative.
To improve the temperature coefficient of the frequency (T£) 
we have to rotate the normal to the principal surface away from 
the x axis. By rotating the cut in this manner we affect the 
temperature coefficient in two ways:-
(i) The ’d1 direction changes from being nearly along the 
z axis where its expansion coefficient is smallest, to 
being nearly along the x axis where its expansion is 
largest.
This will also improve the bonding strength, as there 
will not be two different expansion coefficients at 
the bond.
(ii) The compliance coefficient Tgj^  is also improved. 
Unfortunately the piezoelectric coefficient 
disappears at an angle of 90°, and therefore a 
compromise must be struck, at a rotation angle 
of 60°.
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In conclusion, we see that a (+5° X Cut) Quartz Crystal, 
must also be rotated by about 60°.
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The design of L-C oscillator with Automatic compensation for 
Coil1 s Resistance-changes______________________ ________
This is a similar problem to the automatic compensation 
of viscosity in the mass-spring system. We shall therefore 
describe the problem in general terms of control theory and 
show how'to use the control principles in electronic engineering. 
Figure 1A6 shows such a general system.
6.6. APPENDIX 6
.Figure 1A6: General Description of a Feedback System
The relationship between output VQ and input is called 
the ’closed-loop transfer function’ and is derived as follows
(1A6)
V0 [1 - F(s) G(s)] = G(s)
Thus in the case of positive feedback (as drawn) we have
Zo = G(s)
Vin 1 ' FCsi
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The condition for instability is that the denominator of 
Equation 2A6 is zero, i.e., when
This is the basic principle of feedback control. Various 
graphical methods have been evolved to simplify the analysis 
of stability. Hie root-locus method is the one favoured by the 
Author. According to this method the solution to Equation 3A6 
plotted in the s = a + jw plane is as in Figure 23.
From Equation 3A6 the conditions for continuous oscillations 
are given by
The ’root locus’ is the plot of the points in the s-plane 
whidi fulfils Equation 5A6. The point where this curve intersects 
the jw axis fulfils Equation 4A6. In the mass-spring case G (s) 
is given by
1 - F(s) G(s) = 0 (3A6)
|F(s) G(s) I -1 ..
Arg [PCs) G(s)] = 0
(4A6)
(5A6)
G(s) = 1 .. (6A6)
s2 kM + sf + 1
and
F(s) = as (7A6)
where: k = stiffness of the spring
m = vibrating mass 
f = viscous coefficient of damper 
a = velocity pick-up gain
We shall now show how to apply this theory to the design 
of a L-C electronic oscillator without resorting to an oven (27).
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Figure 2A6 shows one such arrangement.
Two operational amplifiers are used, one with controlled
saturation, to limit the amplitude of the oscillation and act
as an automatic gain control. The current I. to virtual earth 6 m
-of the first amplifier, is given by
*in sL + r + l/(sc) s^ Lc + scr + 1  (8A6)
V Vsc
Now
and
-V = I. R = V o in 2
scR
s Lc + scr + 1
V
= VF(s) say,
(V. + V )A = -V = ^  .v in o' F(s)
Hence
(V. + V ) AF(s) = Vv m  o' v ' o
V0 [1 - AF(sfl - Vjn
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or
Vo ±
Vin
which is in the same form as Equation 2A6. Substituting
Equation 8A6 in 9A6, we have
?V s Lc + scr + 1
_2. = 2 .....V. s Lc + scr + 1 - AscR m
. ..... (10A6)
Continuous oscillation occurs when
scr = AscR = 0 ... ..............
i.e., when A = r/R, and this is achieved by the automatic
gain control (simplesaturation).
The frequency of oscillation is then
1Ü) “ ...... ..............0 jrr . ..... (12A6)
which is independent of the value of r.
Similarly, the viscosity does not affect the mass-spring 
system, provided that it is Newtonian.
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6.7. APPENDIX 7
Experimental Verifications
Figure 7A1 : Liquid density tests.
Figure 7A2 : Gas density tests of at high pressures.
Figure 7A3 : Gas density tests of N2 , CC^  and at
high pressure.
Figure 7A4 : Gas density tests of Argon and Air at
low pressure.
Figure 7A5 : Gas density tests of Air near vacuum.
Table 1 : Recorded readings
Table 2 : Recorded results
Table 3 : Recorded results
Table 4 : Recorded results
Table 5 : Recorded results
Table 6 : Recorded results
Table 7 : Recorded results
Table 8 : Recorded results
Table 9 : Recorded results
Table 10 : Recorded results
Table 11 : Recorded results
Table 12 : Recorded results
Table 13 : Recorded results
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CALIBRATION CURVE FOR SPOOL 111
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270 Figure 7A2: Gas density tests of N? at high pressure.
260
0 16 20 24 28 32 36 40 44 48 52 56 60 nig/c^
• !
\
4-^-4-
Q
: o
\
1 • i : . i
b ' !
i . 1
1
1
’
; |
- :
1
_.]
1
!
|
! " •
t e ' " i
i I
i
I '
(0
z oo
O  <  O
Figure 7A5: Gas density tests of CO2 and H2
at high pressure.
in
s G ii <>9C\]
<T>
j a .
LO
LO
-M .
i J  ;
~~~— i
1
. .
____
T
_____________
; ___I. . .
i
- •
|
! _
:: j: :|
1
r t ^
'
: ‘ ] 
■ !
__ ;___!
. ! :.;
: ]
</>
<
D£
I>
hj
sa
9
sr
<M
00
■o
ir>pj
r~*rC\l ° \ S i
Oo
c4
f*
CALIBRATION CURVE FOR AGAR CAS DENSITY- METER TYPE FD 07
- 8 1 -
No PP 103 WITH SPOOL 111.
* CALIBRATION USING WHITE SPOT NITROGEN
0 H u ARGON • •
X " I* CLEAN DRY INSTRUMENT AIR
. Figure  7a 4-  gas De n s it y  t e s t  op  N e> Ar g o n  a n t  air at low pressure
- 8 2 .  -
D
E
N
S
IT
Y
 
m
S
/c
C
- 83 -
OPERATING DATA
Ambient temperature 
Gas Flow 
Applied voltage
22.9°C 
10 lb/hr. 
15 volts
Nitrogen
Density of nitrogen = 1.165 mg/cc, at 1 at.abs. and 20°C.
P .
40 p.s.i.g. 
35 p.s.i.g. 
30 p.s.i.g. 
28 
26 
24 
22 
20 
15 
10 
50
P ats.abs. —s—— — -----
3.721
3.38
3.040
2.905
2.767
2.633
2.5
2.36
2.02
1.68
4.401
y sec
273.470 
272.581 
271.706 
271.356 
271.001 
270.655 
270.304 
269.951 
269.065 
268.165 
275.2
4.292
3.9
3.508
3.351
3.194
3.037
2.88
2.723
2.331
1.938
5.075
Argon
Density of Argon = 1.665 mg/cc. at 1 at.abs. and 20 C.
P ats.abs. —s-------------- y sec
30
28
26
24
22
20
15
10
275.237
274.735
274.221
273.731
273.214
272.699
271.431
270.132
5.012
4.789
4.562
4.341
4.122
3.891
3.33
2.77
Air.
Density = 1.205 mg/cc. at 1 at.abs. and 20°C,
50
40
30
28
26
24
22
P ats.abs. —s-------------- y sec
275.646
273.841
272.028
271.656
271.284
270.920
270.570
5.251
4.4
3.627
3.466
3.302
3.142
2.983
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P P ats.abs. y sec ps  —s-------------    “
20 270.200 2.816
15 269.285 2,410
10 268.333 2.005
Table I: Recorded Readings
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Vacuum Calibration of Gas Density Meter
Density of Air at 1 at.abs. and 20°C = 1.025 mg/cc.
Pg p.s.i. abs. y sec £
14.7 266.490 1.205
14.2 266.398 1.1636
11.05 265.811 0.906
9.4 265.478 0.771
6.6 264.963 0.541
4.0 264.463 0.32.8
2.3 264.155 0.188
.7 263.858 0.057
1.6 mm Hg. 263.763 0.0026
1 263.935 0.082
2.6 264.211 0.213
4.0 264.491 0.328
6.0 264.871 0.494
8.0 265.231 0.656
10.0 265.611 0.820
12.0 265.994 0.984
14.0 266.362 1.148
T e s ts  w ere c a r r i e d  w ith  in s tru m e n t immersed i n  o i l  a t  a  
c o n t r o l le d  te m p e ra tu re  o f  26.6°C  ± 0 .1 °C . O xygen -free  N itro g e n  
was u sed  f o r  c a l i b r a t i o n .  P r e s s u r e  was m easured on Buderiburg 
gauges 0 -300 P . S . I . G . ; 0 -600  P ..S .I .G . and 0-2000 P . S . I . G . ,
a l l  ± \% o f  F .S .D . Vacuum was re c o rd e d  to  1 .2  mm w a te r .
P re s s u re  was c o r r e c te d  to  a b s o lu te  term s by ad d in g  th e  m anom eter 
r e a d in g s .  The d e n s i ty  was d e te rm in e d  from  th e  A.G.A. t a b l e s .
The t h e o r e t i c a l  v a lu e s  w ere c a lc u la t e d  from  th e  fo rm u lae :
d = do [ ( t / t o) 2 - i ]
d = 101 .71  o
and com pared i n  th e  fo llo w in g  t a b l e s  w ith  th e  m easured  v a lu e s .  
The d is c r e p a n c ie s  w ere l e s s  th a n  th e  m easurem ent e r r o r .
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GAS DENSITY TESTS OF BODY No. 8 AND SPOOL 11
Material Ni-Span-C 0.052" thick, 5 cm long
P CP.S. I .A O T(pS) d m easured  d c a lc u la te d E r ro r
0 238 .90 0 0 0
50 243 .40 3 .87 3 .87 0
100 247.85 7 .76 7 .75 +0.01 m g/cc
250 260 .70 1 9 .41 19.41 0
500 280.94 38 .95 38.97 - 0 .0 2  m g/cc
600 288.46 46 .58 46.58 0
* Jumped mode a t  670 P .S .I .A .  F a u l t  t r a c e d  to  m achine 
sp o o l b o re .
s c o re s  in
500 280.95 38 .96 38.97 -0 .0 1  m g/cc
100 247.83 7 .75 7 .75 0
0 238 .90 0 0 0
T = 238 .90  o dQ = 101 .71  m g/cc
TABLE 2
GAS DENSITY TESTS OF BODY N. 26 AND SPOOL 74
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Tests were carried with instrument immersed in oil at a 
controlled temperature of 26.6°C ± 0.1°C. Oxygen-free Nitrogen 
was used for calibration. Pressure was measured on Bodenburg 
gauges 0-300 P.S.I.G.; 0-600 P.S.I.G. and 0-2000 P.S.I.G., 
all ± of F.S.D. Vacuum was recorded to 1.2 mm water.
Pressure was corrected to absolute terms by adding the manometer 
readings. The density was determined from the A.G.A. tables. The 
theoretical values were calculated from the formulae:
n [(T/T0 ) 2 - 1]
do - 66.00 mg/cc
p (p.s,i.aO T(pS) d measured d calculated Error
0 263.04 0 0
50 270.66 3.88 3.87 +0.01 mg/cc
100 278.05 7.75 7.75 0
250 299.23 19.41 19.41 0
500 331.74 38.98 38.97 +0.01 mg/cc
800 366.44 62.09 62.11 -0.02 mg/cc
1000 387.94 77.56 77.57 -0.01 mg/cc
1500 436.63 115.86 115.86 0
1000 387.95 77.57. 7^ C7/ f * w ■ 0
0 263.03 0 0 0
T = 263.04 0 d = 66.00 0 mg/cc
TABLE 3
Tests were carried with instrument immersed in oil at 
a controlled temperature of 26.6°C ± 0.1°C. Carbon di-oxide 
(CO2) was used, with the same gauges as before. The accuracy 
of the measurements was not as good as the previous ones, and 
much longer period was required to establish constant readings, 
(about a half an hour compared with a few seconds for .
The following results were recorded:
GAS DENSITY TESTS OF BODY No. 26 AND SPOOL 74
Material Ni-Span-C, 0.002" thick, 5 cm long
P(p.s. i.a.) T(pS) d measured d calculated Error
0 263.03 0 0 0
• 100 287.27 12.73 12.73 0
250 311.76 26.70 26.73 -0.03 mg/cc
500 381.59 72.92 72.94 -0.02 mg/cc
800 487.‘56 160.79 160.82 -0.03 mg/cc
900 530.24 202.24 202.24 0
500 381.67 72.98 72.94 +0.04 mg/cc
0 263.02 0 0
T =263.02 d =66.00 mg/cco 0
TABLE 4
- 89 -
Hie temperature coefficient was determined for this mild 
steel alloy, by inserting the complete instrument in an oven, 
and continuously sucking vacuum. The periodic time was measured 
when cold for a few hours and then at 120°C for at least 3 hours.
The tests were repeated a few times, with remarkable 
repeatability. The T.E.C. was calculated from the formulae:
2(Ti - T )
T.E.C. = -- ---- ~  = -286 p . p . m . /  C
A0 T2
where: T^  = initial periodic time 270.58 yS
T2 = periodic time 100°C above 274.42 yS
A0 « Temperature difference - 100°C
This test was repeated five times since initially the readings 
did not repeat themselves due to some residual stress which was 
later removed.
TEMPERATURE TESTS OF BODY No. 101 AND SPOOL No. 98
Material: EN16T, 0.0018*' thick________________
1st run.
Periodic time at 20°C 270.24 yS
it it at 120°C 274.16 yS
n it at 20°C 270.37 yS
2nd run.
Periodic time at 20°C 270.37 yS
ti it at 120°C 274. 20 yS
H u at 20°C 270.51 yS
3rd run.
Periodic time at 20°C 270.,51 yS
it it at 120°C 274.,40 yS
ti it at 20°C 270,,58 yS
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4th run.
Periodic time at 20°C 270,58
" 11 at 120°C 274.41
" " at 20°C 270.58
5tli run.
As above.
Similar results were obtained with Spool No. 99, of the 
same material and dimensions.
yS
yS
yS
TABLE 5
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TEMPERATURE TESTS OF BODY No. 106 and SPOOL No. 125,
Material FV520B, 0.015" thick____________________
The temperature coefficient was determined for this type 
of stainless steel, by inserting the complete instrument in an 
oven, and continuously sucking vacuum. Hie periodic time was 
measured when cold for a few hours and then at 100°C above it 
for at least 3 hours. The tests were repeated a few times. The 
results repeated themselves to within ± 0.06 yS over a period of 
eight weeks.
The T.E.C. was found from the formulae:
2(T - T )
T.E.C. = -- ---- —
A9 T 2
where:
Tp = initial periodic time when cold = 156.82 yS
T2 = Periodic time 100°C above = 159.07 yS
AG = Temperature difference = 100°C
T.E.C. - 2(156‘8-2.,.~ 159.07) B _ 2g3 p>ptIT1#//Oc 
100 .159.07
The above result is an average of eleven runs with a maximum 
spread of ± 0.06 yS.
TABLE 6
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TEMPERATURE TESTS OF BODY 110 AND SPOOL 102,
Material Ni-Span-C 0.002" thick__________
Condition of material:
Solution annealed and 30% cold worked by reduction of area.
Hie T.E.C. was obtained by measuring the periodic time at 
zero density when the instrument was at ambient temperature and
The instrument was checked for at least 3 hours at eadi temperature. 
The instrument reached the oven temperature after 40-50 minutes. 
Cooling was accelerated at the final stage by immersing the whole 
instrument in tap-water. The results were repeated fifteen times 
with a maximum spread of ± 0.02 yS of reading.
Hie T.E.C. was calculated from the formulae:
Heated for 5 hours at 550°C in Argon.
100°C above. Hie readings were taken at half hours intervals.
T.E.C. 2 A f  
f  A0
2(TX -  T2)
Where:
T^  = periodic time at ambient temperature = 260.76 yS 
T2 = " " " 100° above ambient = 260.47 yS
A0 = temperature difference = 100°C
260.47 x 100
TABLE 7
/ •
■I i
Condition of material:
Solution annealed and 30% cold worked by reduction of area. 
Heated for 5 hours at 550°C in Argon.
Hie following results were recorded at vacuum:
1st run
T1 = 259.24 yS at 16°C
T2 = 258.97 yS at 116°C
T1 = 259.20 yS at 12°C
T.E.C. = •2X259.-22...~ 258 v97) = 19 p.p.m./°c 
100 258.97
2nd run
T1 = 259.22 yS at 15°C
T2 = 258.98 yS at 115°C
T- = 259.23 yS at 14°C
T.E.C. a IC2^ ,9.!2!-^ .^ .^ .9-^ ) = 18.5 p.p.m./°C 
100 258.98
similar results were obtained for the third and fourth runs.
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TEMPERATURE TESTS OF BODY 111 AND SPOOL 103
Material Ni-Span-C, 0.002" thick_________
TABLE 8
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Condition of material :
Solution annealed and 30% C.W. by reduction of area. 
Heated for 4 hours at 480°C.
The following results were recorded at vacuum:
TEMPERATURE TESTS OF BODY 111 AND SPOOL 103
Material : Ni-Span-C Q.002n thick_______
1st run
T1 = 261.17 uS at 18°C
T 2 = 261.00 yS at 118°C
T1 = 261.18 yS at 20°C
T.E.C. = i& Q L 261»00) = 13 p.p.m./°c 
100 x 261.00
2nd run
h = 261.17 yS at 16°C.
T 2 = 260.98 yS at 116°C
T 1 = 261.16 yS at 15°C
T.E.C. = 2 (2.61.:1?-- 260.98) = 14.6 p.p.m./°C
100 x 260.98
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3rd run "
Tll « 261.16 PS at 14°C
T2 = 260.99 yS at 114°C
T 1 « 261.15 yS at 15°C
T E C  = 2(261.16 - 260.99)
100 x 260.99
Note improvement in T.E.C. compared with Table 7, p. 92.
TABLE 9
- 96 -
Condition of material:
Solution annealed in Brine and 30% C.W. by reduction of area. 
Heated for 4 hours at 380°C.
The following results were recorded:
1st run
TEMPERATURE TESTS OF BODY 111 AND SPOOL 104
Material Ni-Span-C, 0.002" thick ____
T 1 ■ 259.88 uS at 22°C
T 2 “ 259.95 yS at 112°C
T 1 ■ 259.86 yS at 12°C
T.E.C. 2(259. 86 -■ 259.95)
100 • 259.95
2nd run
T]. « 259.86 yS at 15°C
T2 - 259.96 yS at 115°C
Tx = 259.87 yS at 16CC
T.E.C. = 2 (25M 5 ..~J19/.96) = -7.7 p.p.m./°C
100 . 259.96
3rd and 4th runs : similar results were obtained.
TABLE 10
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TEMPERATURE TESTS OF BODY 112 AND SPOOL 105
Material Ni-Span-C, 0.002M thick_________
Condition of material:
Solution annealed and 301 C.W. by reduction of area. 
Heated for 4 hours at 400°C.
The following results were recorded:
1st run
T 1 - 260.08 yS at 21°C
T 2 = 260.04 yS at 118°C
Ti = 260.09 yS at 16°C
■p ^ „  2(260.08 -  260.04) . „ ,o„T.E.C. = —*--------------J = + 3 p.p.m./ C
100 . 260.04
2nd run
Tx = 260.09 at 18°C
T2 = 260.03 at 120°C
T, = 260.08 at 20°C
n, „ „ _ 2C260.08 - 260.031 , _ ,o„T.E.C. = —* ’ - 4 p.p.m./ C
100 . 260.03
Similar results were obtained for the third and fourth runs. 
Other spools heated to 400°C yielded a spread of ± 8 p.p.m./°C
TABLE 11
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LIQUID DENSITY TESTS OF BODY 113 AND SPOOL 133
Material : Ni-Span-C 0.010', thiclc__________
The performance of the instrument as liquid density meter 
was tested with liquids whose density varied from 752 mg/cc 
(Petrol) to 1.600 mg/cc (Tetrachloraethylene). The viscosity 
range varied from under IcS (Petrol) to 180cS of S.A.E. 30 oil. 
The results show extremely good agreement with the calculated 
law and the effect of viscosity can be seen to be negligible. 
Density was compared with high accuracy hydrometers and the 
viscosity was measured by the Gallakemp Rotating Cylinder 
Viscosity Meter. The results are tabulated below and compared
with the formulae: d = do (T/T0D 2 - 1 : -
LIQUID DENSITY VISCOSITY TGjS) MEASURED D ERROR
Vacuum Omg/cc 0 180.10 0 0
Petrol 752 0.7cS 385.31 753 +1 mg/cc
Kerosine 780 2 cS 390.67 780 0
Water 999 1 cS 431.53 998 -1 mg/cc
Tetrachl. 1600 1 cS 528.19 1600 0
SEA 30 870 180 cS 408.41 872- +2 mg/cc
T = 180.10 yS 0 do = 2 1 0.5 mg/cc
When the instrument was calibrated over a simile^ density 
range, the errors were much smaller.
The instrument was checked with water flowing at 20 feet/sec 
with negligible effect on the readings.
TABLE 12
LIQUID DENSITY TESTS OF BODY 120 AND SPOOL 135
Material Ni-Span-C, 0.010" thick_________
The performance of the instrument was tested over a wider 
density range, from vacuum to trichlordethylene, with a view 
to check more points on the theoretical curve. The results 
were very encouraging as shorn below, and agreed with the 
theoretical formulae:
d ( t / t o r  -  1 to within ± 1 mg/cc.
FLUID DENSITY T(uS) d MEASURI
Vacuum. 0 179.56 0
Nitrogen 129.29 228.30 129.3
Petrol 756 385.33 756
Kerosine 781 390.09 780
Water 998 431.09 999
Trichi. 1450 505.16 1450
ERROR
0
0
0
-1 Bg/cC 
+1 mg/cc 
0
Tq = 179.56 yS dQ = 209.7 mg/cc.
TABLE 13
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